We present results from simultaneous multisite high-resolution spectroscopic and photometric observations of f Oph (HD 149757) taken in 1993 May. Our spectroscopic data include about 100 hr of continuous monitoring of the star.
INTRODUCTION
The line-proÐle variations (lpv) in Be and related stars have been studied extensively since their discovery (Walker for 53 Per stars) . Thanks to the recent 1991 ; Smith 1986 development of theories on the opacity excitation mechanism of NRP & Pamyatnykh (Dzeimbowski 1991 (Dzeimbowski , 1993 ; & Saio the cause of the Gautschy 1993 ; Moskalik 1995), short-term variations in b Cephei stars and slowly pulsating stars is now believed to be nonradial pulsations (NRP).
However, the cause of lpv in 53 Per stars and Be stars is not yet well understood. The same opacity mechanism may not be valid for these stars because they occupy a broader region of the H-R diagram than the b Cephei stars and slowly pulsating stars and because lpv in Be stars also exist in low-metallicity clusters (Balona 1995) .
The lpv in Be stars (rapid rotating stars) are now classiÐed into two types, f Oph stars and j Eri stars (Balona The j Eri stars are deÐned as a group of Be stars that 1991). show strictly periodic light variations with periods in the range of 0.5È2.0 days and the periodicity is always found in the high-dispersion spectroscopic observations. Balona suggests that the single stable periodicity in (1990, 1995) j Eri stars is unlikely to be explained by spheroidal modes of NRP (but see opposing arguments in and Baade 1996 On the other hand, f Oph stars, in which the lpv Gies 1996) . are characterized by features traveling from blue to red in the proÐle, appear to be multiperiodic ( In Be stars lpv are suspected to be connected with episodic mass loss. Theoretically, and Ando (1986 Ando ( , 1991 Osaki suggested that NRP could transfer angular momen- (1986) tum from the stellar interior to the surface mainly in the equatorial region.
et al. also claimed a weak Kambe (1993a) relation between the amplitudes of NRP in f Oph and its Be cycle.
The relatively large amplitude of lpv and the short Be cycle make f Oph an excellent object with which to explore the properties of lpv and their possible relation to Be phenomena. Although the star has exhibited emission episodes every several years et al. its cycle may be (Kambe 1993a), even shorter et al. (Reid 1993) . The periodicity of lpv in f Oph has been examined extensively by several authors Yang, & Fahlman (Walker, 1979 ; & Penrod et al. Vogt 1983 ; Harmanec 1989 ; Kambe 1993a ; Recently, period analysis methods based Reid 1993). on Fourier transforms have been developed and widely used for period analysis and for the subsequent mode identiÐcation of NRP & Kullavanijaya et al. (Gies 1988 ; Kambe Walker, & MerryÐeld & 1990a ; Kennelly, 1992 ; Telting Schrijvers From the sinusoidal Ðtting to lpv of He I 1996). j6678 line and other lines in f Oph, it was found that lpv could be reproduced well by two large-amplitude sinusoids with periods of 3.34 hr and 2.43 hr plus other smaller amplitude sinusoids. Nontheless, the true periodicity and other features of lpv remained uncertain because it is difficult to determine the true periodicity that is due to strong aliases in the data. It is important to accumulate a large amount of data in each observing run to establish the properties of the lpv in order to compare them reliably over the full Be cycle.
The photometric variations of f Oph have been monitored by Although he found some periods, Balona (1992) . the light variations are very erratic, which leads to di †erent periods at di †erent epochs of observation. In the same study, Balona suggested that photometric variations can only be caused by low-order NRP.
To examine lpv more extensively with good temporal coverage and simultaneous photometric observations, we have carried out a couple of multisite campaigns of Be stars since 1993
Here we present the Ðrst results (Hirata 1993) . from such a collaboration, a multisite campaign on f Oph in 1993 May. In we give details of the observations. We°2, present the results of the period analysis of our spectroscopic and photometric data in Subsequent sections are°3. devoted to a brief discussion of our results, where we restrict our discussion to an interpretation of the periodic features in terms of NRP. Detailed interpretations will be published in future papers.
OBSERVATIONS

Spectroscopic Observations
The spectroscopic observations were carried out at four sites (Okayama Astrophysical Observatory, Crimean Astrophysical Observatory, European Southern Observatory, La Silla, and Dominion Astrophysical Observatory). The observing conÐgurations for each site are shown in Table 1 .
The main part of the campaign was carried out over 5 days in May, although additional observations were carried out at the Crimea covering 14 nights. In total, 405 spectra of He I j6678 were obtained. It is noteworthy that we could almost continuously observe the star for 100 hr during the main part of our campaign ! The number of spectra taken at each site is shown in
The exposure time is limited Table 2 . to 15 minutes in order to allow adequate temporal resolution of lpv. The preliminary data reductions were made at each site, and one-dimensional spectra were collected by the principal author for closer inspection. In the following subsection, a brief description of the quality of the data from each site is provided.
Spectra Reduction and T heir General Quality
All the spectra below are linearly interpolated to a wavelength step of 0.2425 which corresponds to the sampling A , interval at Okayama and to the lowest sampling interval among all the observatories.
1. The Okayama spectra have generally high S/N There are spikes and sharp dip features as wide as (Z400).
in the red wing of the proÐle in about 10 spectra. We 2A found out that they were caused by cosmetic defects of the CCD. We removed the features by connecting the proÐle smoothly through the features and adding some noise equivalent to the S/N of each spectrum. In doing so, it is possible that we have also removed any sharp bump features in the region ; however, the e †ect on the Ðnal result of the period analysis seems to be small.
2. The Crimean data are of good quality and high S/N but wavelength calibration is imprecise because (Z500), only one wavelength calibration spectrum was taken each night. Analysis of a radial velocity standard star, d Oph, which was observed once per night, revealed night-to-night wavelength shifts with a scatter of up to compared to 0.17 A the arc frames. The average radial velocity of the He I j6678 line of f Oph also varies by about 0.2 (9 km s~1) A from night to night. The wavelength shift, however, generally contributes small errors at the higher frequencies in which we are interested (°°and 2.3 4.1). 3. Reduction of the DAO data was performed with the reduction package. The S/N of the data are the IRAF6 lowest among the spectroscopic sites presumably ([300) because it was the smallest telescope. In the average proÐle, a fringe pattern (\0.25%) remains after the general reduction procedure. The pattern is probably caused by slight di †erences between the illumination pattern between stellar and Ñat-Ðeld spectra. Since the pattern is Ðxed, it should not a †ect our results seriously. The wide wavelength coverage provided by the large format CCD enabled us to observe the Ha line as well as He I j6678. In we Figure 1 , plot the average proÐle of Ha line on the night of May 1. No emission feature is apparent.
4. The ESO data are of good quality and high S/N (300È 400). However, it is difficult to Ðt a continuum level that is consistent with other sites (pseudo-continuum level) because of the rather short wavelength coverage (only the continuum adjacent to the line could be used) and because of the curvature of continuum shape that is a characteristic of the e chelle spectrograph. Details concerning the determination of the continuum level are discussed below.
6 IRAF is distributed by National Optical Astronomy Observatories, which is operated by the Association of Universities for Research in Astronomy, Inc., under contract with the National Science Foundation.
Determination of the Pseudo-Continuum
We have tried several methods to determine a consistent continuum level for the data from all observing sites. At Ðrst, we selected di †erent reference regions for the continuum from site to site. However, this resulted in rather large systematic errors. Better results were obtained by using a common reference region to determine a pseudo-continuum level. Since the wavelength coverage is small for all of the sites except DAO, the reference regions were limited to regions very close to the wings of the line He I j6678. Here we have selected several regions between 6661.2 A and and between and 6668.0 A 6690.8 A 6697.5 A . We have used the noao.onedspec.continuum task in IRAF to determine the continuum level. The problem is how to Ðt a Ðtting function to the reference points. Here we adopt the Legendre function as the Ðtting function and determine the pseudo-continuum level as well as the order of the polynomial function more or less subjectively.
The continuum shape of the ESO spectra varies considerably as a function of the telescope position, and it is very difficult to Ðt it satisfactorily. After several attempts, we found it easier to Ðt the continuum after dividing each spectrum by an average proÐle, so that the signal level in the line region is almost that of the continuum with some shortscale Ñuctuations caused by the lpc, since otherwise the large gap between reference regions makes our visual placement difficult. In summary, our sequence for the pseudocontinuum Ðtting is as follows :
1. We calculate an average proÐle (A) for each site, Ðt the Ðtting function (second-order Legendre function) to it and then divide the average proÐle by the Ðtting function to obtain normalized average proÐle (B).
2. We divide each spectrum by A (C), where lpv are already conspicuous. Then we Ðt the Ðtting function to it, using reference points outside the line where no variation is expected, and divide C by the Ðtting function to obtain D.A Legendre function up to fourth order is used for the ESO spectra and up to third order for other sites.
3. We multiply each D and B to make the Ðnal spectrum. In the lpv are highlighted for all of the spectra Figure 2 , by subtracting the overall average from the individual spectra and plotting the residuals as gray-scale maps for the main part of the campaign. One can see by eye that the strength and the position of features progresses smoothly in spectra from site to site.
The absolute mean lpv as deÐned by is Walker (1991) plotted in
The amplitude of lpv varies smoothly Figure 3 . with wavelength, suggesting that the observations have provided good phase coverage of the lpv.
Using the above continuum Ðtting method, the scatter of the ESO data in radial velocity (RV) and equivalent width (EW) decreased signiÐcantly and is almost the same as those from the other sites
Here the RV is determined as (Fig. 4) . /o1[yojd j / /o1[yod j , where y is the line depth. The standard deviation of the EW variation is calculated to be 0.043 It corresponds to the standard deviation of the Ñux A . variation of 0.0024, assuming that the line extends to about 18
It may be slightly larger than the noise in the contin-A . uum region but probably represents the Ñux error in (Fig. 3 ) the line region in our calibration.
We show the amplitudes of the least-squares Ðtting of sinusoids to the RV and EW variations in In Figure 5 . the window functions are shown for the combined Figure 6 , data and for the Okayama observations as the amplitudes of sinusoid Ðtting to the normally distributed data (standard deviation \ 1.0) with the same temporal sequence as the observations. The aliases in the periodogram are considerably suppressed by the good phase coverage of the campaign. In our data set, the peak heights are expected to be about 1/10 of the standard deviation of the noise (Fig. 6 ). The typical amplitude of the sinusoid Ðtted to the EW variation (¹0.004 thus corresponds to the standard devi-A ) ation of the EW variation (0.043 and we conclude that A ), no conspicuous variations exists in EW.
The amplitude of the sinusoid of the RV variation has no conspicuous peaks at the higher frequency (P ¹ 8 hr) where the typical value is 0.7 km s~1, which indicates that the standard deviation in RV is about 7 km s~1. This corresponds to the error level found in Crimean data. A larger amplitude is detected for the lower frequencies, indicating that the error in RV is more sensitive to the low frequencies in the periodogram. We shall discuss the problem in°4.1.
Photometric Observations and Reductions
The photometric monitoring was carried out at the ESO La Silla Observatory in the period May 1È14. At ESO, 171 uvby measurements in four channels each were obtained in seven nights. The uvbyHb photometer attached to the automatic 0.50 m Danish telescope was used. The passbands are deÐned by a grating and slots so that simul-(Lindgren 1992) taneous integrations in all four uvby passbands are possible. All observations, including those of standard stars, were obtained through two attenuating Ðlters. The Ðrst Ðlter of a mean transmission of T \ 0.1 was placed on the wheel at the interface between the telescope and photometer and attenuated the light in all four passbands. The second Ðlter with T B 0.5 was inserted into the beam after the grating and a †ected only the v and b bands. In this conÐguration, the count rates were well below the limit for which the dead time plays a signiÐcant role for any of the observed stars. HR 6096 and HR 6278 served as the comparison and check stars, respectively. Least-squares minimization with respect to extinction, zero-point drift coefficients, and magnitudes were calculated for the comparison and check stars separately for each night. Nightly solutions were then corrected by minimizing the standard deviations on the common comparison stars. A linear transformation was used to transform the magnitudes into the standard system. Because all program stars as well as comparison and check stars and
several frequently observed standard stars were hot stars, this method resulted in more consistent standard magnitudes for these stars than a complete polynomial transformation (also valid for the red stars) to the standard uvby system.
3. PERIOD ANALYSES 3.1. Methods Least-square Ðtting of sinusoids is used for the period analysis. We Ðt the data at each wavelength point to some sinusoids in the temporal domain, deÐned by
where is an average of the line depth for the wavelength d j bin, j ; N is the number of waves involved, and x \ Mu k ; k \ 1, ..., NNis a set of frequencies of sinusoidal waves. Here the frequencies are the same at all wavelength points, whereas amplitudes and phases, k \ 1, ..., NN and a \ a \ Ma k,j ; k \ 1, ..., NN, may di †er at each wavelength point. 
where
Here is a deviation of the line depth from the average y i,j depth at each wavelength point at time and is a j j t i , p i 2 variance in the continuum. The in equation (2) describes x ü the best set of parameters (frequencies) for each N. In this paper, we also use AIC(x, N) to express the value of AIC for each set of frequencies. and is set to 100 which N t \ 405, N j covers the extreme line wings. The result of the period analysis is not so sensitive to the selection of N j . The AIC criterion is a way of determining the optimal number of sinusoids that may be Ðtted to the data while taking into account a kind of penalty term that depends on the number of parameters. We increase the number of sinusoids one by one until AIC is minimized (°3.2).
To limit computational time, we basically Ðxed N [ 1 frequencies to search the best parameter set for N sinusoids. space, the AIC criterion may not be used in its strict meaning. In spite of this limitation, however, the simultaneous multiple sinusoids Ðtting may Ðnd better Ðtting parameters to the data than methods such as CLEAN (Gies & Kullavanijaya in which a single sinusoid is sub-1988) tracted one by one in the process of Ðnding multiple periods. The AIC model Ðtting has the advantage of having a criterion not only for one sequence of temporal data at a speciÐc wavelength but for all data in the temporal and wavelength domains.
The accuracy of the frequency depends on the amplitude of the sinusoid, the signal-to-noise ratio, the total time span of our data, and the number of data points. If we use KovacsÏs result with the total number of data (Kovacs 1981) used the error is about 0.00003 hr~1 for the two (N t ] N j ), largest sinusoids we have detected and larger for (°3.2) other periods depending on their amplitudes. This is probably an underestimate partly because the Kovacs result is based on evenly sampled data points and partly because the phases and amplitudes of sinusoids are determined independently at each wavelength point in our method. It is also too time consuming to search for the frequencies at full resolution. Here we search for the peaks at a resolution of 0.0006 hr~1 that corresponds to one-Ðfth of the resolution or the width of the peak in the periodogram, which is deÐned as the reciprocal of the total time span of the data. After some simulations with the Ðner frequency steps, we FIG. 6 .ÈPower spectral window function for the time sequences of observation at all sites (top) and Okayama (bottom). found that the limitation does not change our result qualitatively.
The photometric data were analyzed by traditional methods of time-series analysis, mainly using the routines available in the ESO-Midas package complemented with a few written by one of the authors (J. C.). ScargleÏs (1982) method, which is suitable for data with uneven sampling, was preferred.
L ine ProÐle V ariations
In we show the periods of sinusoids detected in Table 3 , successive multiple sinusoid Ðtting. Here we list the Ðrst 15 peaks.
The AIC(u, 1) is plotted in It is clear that our AIC(u, 1) that highlights the weaker peaks. The third highest peak is around 12 hr.
The third panel of the Ðgure shows AIC(x, 3), where most peaks around the highest peak (2.018 hr) have disappeared, indicating that they were indeed aliases of the highest peaks.
The AIC value still decreases for the peaks higher than 15. After subtracting 15 peaks, the standard deviation of the residuals in the line region, 0.0024, is still 15% higher than that of the continuum. Since the Ðrst term of the AIC corresponds to the residuals, the statistical signiÐcance of peaks can be approximately discussed by comparing AIC(N) and A(x, N ] 1) for each N The decrease of the (Scargle 1982). deviation of the residuals by 0.0253 in units of the variance of the continuum for the 15th peak is thought to be statistically very signiÐcant for 40,500 data points, although it is about 2.5 p peak if it were the result of the period analysis at one wavelength position (405 data points). However, the peak height is not much di †erent from those of the broad peaks at the lower frequency and other similar weaker peaks, as shown in the lowest panel in This fea- Figure 7 . tureless variation may be partly explained by the lower signal-to-noise ratio in the line region than in the continuum and partly by the probable systematic Ñux errors in the data. Thus, the remaining minor peaks may not be physically meaningful even if they are statistically signiÐcant. Also taking into account that peaks are already detected at the aliased positions of the largest peak, we consider it prudent to stop the search here.
In we plot the phases and amplitudes of sinus- Figure 8 , oids against wavelength for some detected periodicities. The Ðgures are used to estimate the indices of NRP in°4.4.
A Search for L ight V ariations and T heir Periods
The largest range of about can be seen in the u 0m . 028 magnitude and about in the color index (see 0m . 030 c 1 We checked that no common nightly 0m . 015. trends can be found for f Oph and the check star. The measurements of the bright star f Oph, however, vary more smoothly than the comparison stars. Therefore, and in spite of the questionable variability, we carried out a time-series analysis of the photometric observations. There is no unambiguously signiÐcant peak in ScargleÏs periodogram for u magnitudes
The strongest peaks correspond to (Fig. 10) . periods of 9.13 hr (0.110 hr~1) and its alias, 14.75 hr (0.0678 hr~1).
This period is in good agreement with the one derived by but it is not fully supported by the analysis of Balona (1992), our y, b, and v magnitudes. They indicate that the strongest period is around 8.8 hr (0.114 hr~1). Since the window function of the data has a strong sidelobe structure at 0.0041È 0.0046 hr~1 from the main peak, the peak in u could be a side-lobe of the peaks in y, b and v, or vice-versa.
There is no signiÐcant peak in the power spectrum of any magnitude or index that could be assigned to the 2.018 hr or 3.337 hr period, except maybe for the index This index c 1 . has a di †erent periodogram structure than the other colors and indices
In there is some power near 2.016 (Fig. 10) . c 1 and 3.080 hr and their aliases, but the corresponding amplitudes (0.002 mag) are not large enough to explain the variations. Moreover, the credibility of these periods is decreased by the presence of close peaks in the power spectra of the u and values of the check star. The same can be said for c 1 periods around 10 hr. One can note that the range of the c 1 index in the comparison stars is larger than the (0m . 040) range in the f Oph observations (0m . 030).
Simultaneous photometry with the 91 cm telescope at the Dodaira Observatory was planned but could not be accomplished because of nonphotometric weather conditions. The limited number of photometric observations, the time sampling structure, and the erratic nature of the variations still do no allow us to draw signiÐcant conclusions about the periodicity of the small light variations.
DISCUSSION
Relations between Periodicities
The peaks at lower frequencies such as the third (12 hr), Ðfth and eighth (about 24 hr), ninth, 11th, and 13th peaks are probably artifacts since such periods are detected even outside the range of the He I j6678 line. The large amplitude for 23.2 hr period is mainly detected at line wings. The large amplitude of the sinusoid of about 5 km s~1 for the low frequencies in the RV variation corresponds to the (Fig. 5) amplitude in the line depth variation of 0.0017 at the line wings where d(line depth)/dj is as high as 0.015. The value is similar to the detected amplitudes of the sinusoid for 23.2 hr in the line wings [Note that the expected ampli- (Fig. 8d) . tude errors for higher frequencies are about 7 times smaller than those for the low frequencies.] We also tried to make a period analysis using only part of the campaign data. Although most of the peaks are persistent in all of our trials, the low-frequency peaks are blurred considerably when we exclude the Crimean data. Thus, it is possible that the inaccurate wavelength calibration of the Crimean data produces the spurious low-frequency variations. Another possible cause of the false peak is the blending since the large amplitude for 23.2 hr period is detected at around the position of kinks in the average proÐle as well as in (Fig. 3) the continuum region where water vapor lines are located.
The reality of the 5.35 hr periodicity is uncertain since it is detected only in the line wings where other low- (Fig. 8i ) frequency variations are also detected But since its (Fig. 8d) . phase decreases slightly toward the longer wavelengths, the variation may be due to low-degree NRP. It should be noted that our method of determining the pseudocontinuum level may somewhat smear out lpv caused by For the shorter periods, there may be artiÐcial relations. The fourth (2.432 hr :
and 10th (2.107 hr : peaks in f 3 ) f 4 ) correspond to 2 day and day aliases of the highest Table 3 1 2 peak (2.018 hr :
respectively. The phase speed of these f 1 ), periods may be di †erent, but it is signiÐcant only in the line wings where small amplitudes are detected for and f 3 f 4 (Figs. and The seventh (1.257 hr) peak corre8a,8 c ,8 g ). sponds to
The 12th (1.293 hr) peak may be day f 1 ] f 2 . 1 2 alias of the seventh (1.257 hr) peak, or
The existence f 2 ] f 4 . of the seventh and 12th peaks may be evidence of some coupling between the two main modes. The fourth and 10th peaks may show that the coherent time scale of the NRP mode with 2.018 hr period is rather short and excited more than once during the observations, since the amplitude of all these peaks are rather too strong to be mere aliases. But they are not conclusive since low-frequency systematic errors may cause considerable contamination of powers in the periodogram.
The sixth peak (1.008 hr) is a harmonic of 2.018 hr (i.e., and the 15th peak (1.668 hr) corresponds to a harmonic 2f 1 ), of 3.337 hr The existence of harmonics of these two (2f 2 ). periods in the data suggests that the variations are not completely sinusoidal. We discuss the harmonics below.
Comparison with the Previously Published Periodicities
From our much more alias-free periodogram, we detected at least two strong periodicities in the data, i.e., 2.018 hr and 3.337 hr. The period of 2.018 hr is di †erent from previous studies et al . et al. (Kambe 1993a ; Reid 1993 ) in which 2.43 hr is frequently detected as a primary frequency. However, the 2.43 hr corresponds to the 1 day alias of 2.018 hr ! In fact, the detection of the aliases of 2.018 hr seems to depend on the quality (typical data separation) of the data in a given season et al. Thus, it is (Kambe 1993a). possible that the insufficiency of previous data, i.e., strong aliases in their periodograms, probably coupled with f OphÏs multiple periodicities, leads to the faulty detection of an alias of the true periodicity. To conÐrm the true periodicity, however, further multisite observations will be necessary.
Other, weaker periodicities also exist in previous data. The period of 1.86 hr may correspond to a 1 day alias of 2.018 hr. It is remarkable that most of the weaker periods except the harmonics of the two main periods could be related to the two main peaks. However, it is just not certain 
k and m V alues
The wavelength dependence of the sinusoid amplitudes are slightly di †erent between the two main periods. We may be able to determine the horizontal to radial velocity amplitude ratio of NRP, k, from the amplitude versus wavelength diagram by simply assuming that the variations are (Fig. 8) caused mostly by velocity displacements that are due to NRP in nonrotating stars Ando, & Hirata (Kambe, 1989 (1988, GK) . They suggested that since the pulsational variations are distributed over the azimuthal angle / as eimÕ at any instant, the full velocity range of the line proÐle samples a total phase di †erence of m/2 cycles. In we have plotted Figure 8 , the phase versus wavelength diagram, where phase has been shifted by multiples of 2n for clarity. In we list the They also suggest that the phase change of the Ðrst harmonic of the oscillations, if detected, will be a good indicator of m. Consequently, they derive an empirical formula,
where is the phase di †erence between the extreme line *( 0 wings of the main frequency of the oscillation and is *( 1 that of the Ðrst harmonic. (Note that the coefficient values may vary slightly depending on the selected NRP parameters ; see
Using their formula, we also estimate the l TS.) and m values assuming that 1.008 hr is the Ðrst harmonic of 2.018 hr and 1.668 hr is the Ðrst harmonic of 3.337 hr (Table  also suggested that the phases of the sinusoids 5). TS between the fundamental and harmonics at the line center have a relation to each other and thus can be used to discriminate if the Ðrst harmonics are caused by independent NRP or not. They showed that twice of the line-center phase of the main period minus the line-center phase of (( 0 ) the Ðrst harmonic i.e., will be (( 1 ), ( 01 \ 2( 0 [ ( 1 , 1.50n^0.06n. In our case, it is about 1.1n for 2.018 hr and 1.0n for 3.337 hr Since the phases are rather well (Table 5) . determined from phase versus wavelength diagram, the values of seem to be di †erent from their expectation. ( 01 However, since the amplitudes of the sinusoid of 1.668 hr are apparently larger at wavelengths where the sinusoidal amplitude of 3.337 hr signal is locally smaller (Figs. and 8b these two frequencies may be related to each other. If so, 8j), the NRP features may be di †erent from those used in TS numerical simulation.
Commensurability of Periods
The two principal periods have an approximate commensurability of 3 : 5, indicating close superperiods of 10.05 hr to within 1% accuracy. According to the accuracy of the frequencies in the periodogram, the superperiods are not exactly the same. However, such a close commensurability may have some implications for the physical characteristics of the lpv, and it is important to discuss it here. Floquet 1991) .
If the commensurability of the periods indicates the existence of only one superperiod, the m values of these two waves should be m \[10 for 2.018 hr and m \[6 for 3.337 hr (taking into account that a feature could be seen for more than 7 hr). In this case, the superperiod is 20.1 hr. However, the separation of features, or the wavelength difference between the points at which the phases of the sinusoids di †er by 2n, are too wide for such higher m values. In fact, a projected rotational velocity of about 480 km s~1 is necessary to explain the observed wide separation of features for such high m values. The value of 480 km s~1 is anomalously high compared to the previous rotational velocity estimation of the star (320 D 390 km s~1 by line proÐle ; see 420 km s~1 by lpv ; Harmanec 1989 ; Walker although it may be interpreted as the result of a 1991), rapidly rotating region previously suspected by et Kambe al.
j Eri) and Pleione). (1993b ; Hirata (1995 ; The existence of the commensurability may suggest a physical mechanism that sets the pattern of lpv in such a way that the phase is almost locked even in the rotating frame. (Note that if the Ðxed pattern rotates with the same period as rotation, it is equivalent to spots.) & Saio Lee suggested that the superperiodicity corresponds to (1990) the rotational period of the convective core of the star. However, it is uncertain that such a commensurability can be explained by the overstable convection modes, since the commensurability suggests either that the periods of NRP are very close to zero or that periods of NRP also have a commensurability of 5 : 3 even in the rotating frame. Another possibility for the commensurability is that the lpv result from toroidal modes which have a simple relation between frequencies that are basically determined from the geometrical indices of l and m et al. There (Unno 1989) . are a couple of sets of modes that can explain the observed commensurability, including a case of modes with l \ 5 and m \ 5 and with l \ 8 and m \ 8. However, since the visibility of toroidal modes depends critically on the inclination of the rotational axis of the star, since no mechanism is yet known for toroidal modes, and since little temperature variations are expected in the toroidal modes, further consideration is necessary. 4.5. Photometric V ariations Our photometric observations conÐrmed again that the very small amplitudes of the light variations are close to the detection limit. No counterpart of the 2.018 hr and 3.337 hr periods derived from the lpv or of the suggested superperiod of 10.05 hr can be reliably detected. We can interpret this result as a veriÐcation of the test performed originally by & Penrod Assuming that m \ [10 and Vogt (1983) . m \[6 for the two main periodicities of the NRP, we should see at any moment both the sectors of lower and higher temperature, and the integrated light exhibits only very small changes. The fact that the variations have the largest amplitudes in u and may indicate that they reÑect c 1 some temperature Ñuctuations.
SUMMARY
We have found two principal periodicities of 2.018 hr and 3.337 hr from analysis of our multisite spectroscopic observations. These two periods are the same as those found previously within errors of the aliases. These two new principal periods have a commensurability of 3 : 5, indicating a common superperiodicity of 10.05 hr. Although the commensurability is not exact within the expected error of the observation, such an approximate commensurability might be a clue for the cause of lpv. We have also detected the possible Ðrst harmonics and beat periods of the two principal periods.
The m values are estimated for each period in the phase versus wavelength diagram from least-squares Ðtting of sinusoids to the temporal variation of lpv at each wavelength using the and methods. The possible Ðrst GK TS harmonics are used in the latter to give somewhat lower values of m than those of Gies & Kullavanijaya method. However, the relative phase di †erence between the main period and the Ðrst harmonic is di †erent from that predicted by TS.
No counterpart of the 2.018 hr and 3.337 hr periods derived from the line-proÐle variations or of the suggested superperiod of 10.05 hr can be detected in the simultaneous photometric monitoring.
